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The results suggest that breakeven prices for PV systems installed on supermarkets vary by more than a factor of 30 across the United States, even though the solar resource varies by less than a factor of 2. Non-technical factors-including electricity rates, rate structures, and incentives-drive breakeven prices more than technical factors such as solar resource or system orientation. Additional key results of this analysis include:
• Under base-case assumptions, about 17% of supermarkets nationwide were in utility territories where breakeven conditions existed at a PV system price of $5/W in 2011 (the U.S. average installed price of commercial PV systems in 2011). Using the estimated 2012 installed price of commercial PV systems ($3.43/W), 40% of supermarkets were in utility territories where breakeven conditions existed. These percentages increase to 33% and 53%, respectively, when rate structures favorable to PV (time-of-use, tiered rates) are used.
• In 2020 (where we assume higher electricity prices and lower PV incentives), under base-case assumptions, we estimate that about 17% of supermarkets will be in utility territories where breakeven conditions exist at a PV system price of 1 The percentage of supermarkets with PV systems is calculated by dividing the estimated number of supermarkets with PV systems by the total number of supermarkets in the United States (85, 988) . The number of supermarkets with PV systems (183) is estimated from SEIA 2012.
vii Figure 6 . PV breakeven prices ($/W) for supermarkets in 2020 using the base-case assumptions in Table 1 Figure 7 . PV breakeven prices ($/W) for supermarkets in 2020 using the base-case assumptions in Table 1 
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Introduction
The photovoltaic (PV) breakeven price is the PV system price at which the cost of PVgenerated electricity equals the cost of electricity purchased from the grid. This point is also called "grid parity" and can be expressed as dollars per watt ($/W) of installed PV system capacity. 2 Achieving the PV breakeven price depends on many factors, including the solar resource, local electricity prices, PV incentives, and financing. In the United States, where these factors vary substantially across regions, breakeven prices vary substantially across regions as well.
The National Renewable Energy Laboratory (NREL) previously estimated breakeven prices for residential rooftop PV systems in the United States (Denholm et al. 2009). 3 This work expands on the previous study by using similar methods to estimate current and future breakeven prices for PV systems installed on U.S. supermarkets, a subset of commercial buildings within the larger category of "big-box" retail stores. We also evaluate key drivers of current and future PV breakeven prices by region.
Our analysis begins by defining the characteristics of a hypothetical supermarket PV system and then models the financial performance of this system nationwide using the System Advisor Model (SAM) with meteorological, utility-rate, and building-load data inputs. We calculate breakeven price as the point at which the net present cost (NPC) of a PV system equals the net present benefit (NPB) realized to its owner in the form of reduced electricity bills, which is also the point at which the PV system's net present value (NPV) equals zero. Current and future (2020) breakeven prices are calculated. For each timeframe, we compare breakeven prices under default electricity-rate assumptions versus optional rate assumptions (typically time-of-use rates) that increase PV's value, and we compare these breakeven prices with current and potential future commercial PV prices. We also analyze the contribution of various cost components (e.g., electricity rates and incentives) to breakeven prices in each state. Finally, we analyze the sensitivity of breakeven price to electricity prices and financial, technical, and policy factors.
Note that the presence of breakeven conditions in an area does not imply that all potential supermarkets in that area could achieve PV breakeven. It is likely that only a fraction of customers could meet the location-specific criteria necessary for breakeven. Caps on PV incentive and net-metering programs could also limit the prevalence of breakeven conditions in practice. Further, the presence of breakeven conditions does not necessarily equate to widespread adoption of PV systems. Finally, large-scale adoption of PV would change electricity demand and price patterns and could decrease the value of PV under optional rate structures. Thus, this study of PV breakeven prices is not a market-depth analysis or an estimate of PV adoption, but it does provide new insights about the potential viability of one important segment of the rooftop commercial PV market.
The remainder of this report details the study's data and methodology (Section 2), current PV breakeven price results (Section 3), and future PV breakeven price results and sensitivity analysis (Section 4). Section 5 presents conclusions and directions for future research.
Data and Methodology
Understanding rooftop solar economic performance requires an analysis of the interaction between the building load, PV generation, rate structure, and a variety of financial and policy assumptions. The complex interaction between building load, solar production, and electricity rate structure requires a model that can simultaneously address all elements involved. SAM (Section 2.1) is used to generate solar production and economic performance results from a variety of inputs, including solar resource data (Section 2.2), utility rate data (Section 2.3), and hourly building load data (Section 2.4). The following sections provide details on the data and methodology used in this analysis.
System Advisor Model and Calculations
Analysis in this report was performed using SAM, which was developed by NREL in collaboration with Sandia National Laboratories and the U.S. Department of Energy (DOE). SAM is a performance and economic model designed to facilitate decision making and analysis for renewable energy projects (Gilman and Dobos 2012) . SAM uses meteorological data, a PV performance model, and user-defined assumptions to simulate hourly PV generation data. In this analysis, a reference system was modeled using the following assumptions 4 to generate PV performance data:
• 250 kW (DC)
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• 15-degree tilt
• South facing (180-degree azimuth)
• A derate factor of 80%
• Annual degradation of 0.5%.
PV breakeven prices were evaluated for both near-term and future (2020) scenarios. We define the breakeven price of PV as the point at which the NPC of the PV system equals the NPB realized to its owner. This may also be expressed as the point at which the NPV is equal to zero. The breakeven system price ($/W) was calculated by iteratively varying the price of PV until the NPC equaled the NPB. 6 A review of the methods used to calculate NPC and NPB is provided in Appendix A.
The NPC of the system includes all financing and incentives, while the NPB is the cumulative discounted benefits of reduced electric bills. All financing assumptions used in this study are from DOE's SunShot Vision Study (DOE 2012a) . The NPC in our base scenario assumes a system financed with a loan (with tax-deductible interest and a 35% marginal federal tax rate), a 40% down payment, a real interest rate and discount rate of 4.5%, and a loan term of 20 years. 7 The evaluation period for the analysis is 30 years.
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Near-term analysis considered several incentive programs, including the 30% federal investment tax credit (ITC), as well as known state, local, and utility incentives derived from the DSIRE database. 9 Tax credits were applied at the end of year one in the NPC calculation. 10 The taxability of rebates and their effect on the federal ITC must be considered. In our base assumption, we assume that the rebate is paid to the installer rather than the building owner. This effectively reduces the installation price to the building owner by the amount of the rebate and also reduces the basis for the federal ITC. A list of the state and local incentives used in this analysis is provided in Appendix B.
Near-term analysis also assumed the federal 5-year Modified Accelerated Cost Recovery System (MACRS) depreciation schedule, an annual operation and maintenance (O&M) cost of $23.50/kW, and inverter replacement at 15 years.
Sensitivities to these assumptions are evaluated in Section 4.
Solar Resource Data
The PV production data used in this analysis were simulated using the Typical Meteorological Year 3 (TMY3) dataset of the National Solar Radiation Database (Wilcox and Marion 2008) . The TMY3 dataset is intended to represent a typical year's weather and solar resource patterns, although the dataset does not consist of an actual representative year. Rather, TMY3 was created by combining data from multiple years.
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The meteorological dataset was used as an input for SAM, which simulated hourly PV production for use in the financial calculations.
Utility Rate Data
The breakeven price for PV was calculated for 3,143 utilities in the United States, which represents about 98% of the total commercial load (based on annual energy consumption). We evaluated breakeven prices under two electricity rate categories: one based on the default rate (typically demand rates and/or tiered rate structures) and one based on an optional rate (typically time-of-use rate structures or rates with lower demand charges and higher energy charges than the default rate). A default rate refers to a rate that a building would be subject to by default, based on applicability requirements such as peak demand, voltage requirements, or energy consumption. An optional rate refers to a rate that customers may choose in lieu of the standard rate option. Utilities offer various commercial rate structures for different load sizes and types. We considered applicability requirements when collecting rates for the load data used in this analysis.
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Net metering is characterized as follows: PV energy production is compensated at the retail electricity rate for all energy produced, up to 100% of the building's annual electricity use.
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A combination of tariff sheet data and Energy Information Administration (EIA) utility data is used in this study. Form EIA-861 data provide the total revenue and total energy sales for all utilities in the United States.
14 This dataset formed the basis for an "average" cost of electricity to commercial customers. However, these data do not provide insight into the actual rate structure because they represent an annual average and include fixed billing charges and other components that would not be offset by customer-sited PV generation.
To establish the relative difference in value between the annual average cost of electricity for each utility and the actual value of PV, we used rate data obtained from the current tariff sheet for the largest utility in each state, here referred to as "high-fidelity" rate data. The value of PV in a specific utility territory was calculated twice: once using the highfidelity rate data and again using the annual average cost of electricity. The relative difference in value between these two calculations established a scale factor. This scale factor was then applied to the remaining utilities in each state in order to approximate the value of PV under actual electricity tariffs as well as removing fixed billing components. A total of 104 rates from 52 utility companies were evaluated. Figure 1 shows the utilities with high-fidelity rate data available. These rates were obtained from the online Utility Rate Database (URDB) on the OpenEI platform 15 and were current as of late 2011 and early 2012.
12 Rates ineligible to be used with supermarkets (or any building with similar demand requirements as the supermarket load data used) are not evaluated in this analysis. 13 Net metering may not be available in all states or utilities. For a complete list of utilities participating in net-metering arrangements, see DSIRE at http://www.dsireusa.org/. In this analysis, PV production never exceeds 100% of the building's annual electricity use. 14 Because 2010 was the most recent year available at the time of this report, we scaled each utility to 2011 values using the state average value for 2011 derived from the EIA (EIA 2012). 15 http://en.openei.org/wiki/Gateway:Utilities 
Hourly Building Load Data
Obtaining or simulating building load data is an important component of any analysis that includes demand charges and tiered rates. Demand charges are usually based on the peak monthly power demand of a building; consequently, quantifying the demand reduction value of a PV system requires a detailed load profile for a building. Load profiles are also required when evaluating tiered rates and demand charges, where rates vary depending on monthly energy use. For the analysis presented here, we generated a set of regionspecific simulated hourly load profiles for supermarkets. These load profiles are based on the DOE commercial reference building models for supermarkets (Deru et al. 2011 ) and were simulated using DOE's EnergyPlus software. 16 In order to ensure that the simulated supermarket load and PV production profiles were properly aligned, we used the same TMY3 datasets to simulate both sets of data.
Building construction and model assumptions were varied throughout the United States with 16 unique supermarket models used [i.e., one for each of the official climate zones recognized by the American Society of Heating, Refrigeration, and Air-Conditioning Engineers (ASHRAE)]. These region-specific building models account for factors such as region-specific building codes, characteristics, major loads and plug loads. The 16 region-specific building models were then simulated at 79 TMY3 locations throughout the United States (there are a total of 1,020 TMY3 locations) in order to generate a more geographically diverse set of load profiles that could be matched to TMY-specific solargeneration profiles. Appendix C contains a complete listing of all building locations and associated ASHRAE zones and TMY sites. The total hourly electrical load of each building location was then entered into SAM.
As of 2012, DOE estimates there are 85,988 supermarkets 17 in the United States, representing 4.8% of commercial buildings and 6.3% of all commercial building electricity consumption (DOE 2012b). The average simulated building has a floor area of 45,000 ft 2 , an annual electricity consumption of 1,687 MWh, and a peak demand of 367 kW. While supermarkets represent an important segment of the commercial building sector, a more comprehensive analysis of PV economic performance in the commercial building sector would require simulating load profiles across multiple building types. 17 Building statistics are obtained from the Energy Index (http://buildingsdatabook.eren.doe.gov/CBECS.aspx). The 85,988 buildings are representative of the modeled supermarket and not smaller (e.g., convenience stores) or larger (e.g., mixed-use stores) buildings.
Near-Term PV Breakeven Prices
We begin by evaluating the breakeven price of PV ($/W) in the base scenario. This scenario uses the default rate structure, which generally consists of demand and/or tiered rates and includes all federal and local incentives. Figure 2 shows the base-case breakeven price of PV for each utility service territory evaluated. For the areas in each state where utility data is unavailable (consisting of about 2% of total U.S. commercial electricity sales), we assume the PV performance from the largest utility in that state combined with the average electricity price from the smallest utilities in that state. All other assumptions are identical to those of the base case. The average installed cost of commercial PV systems (250-500 kW) in the United States was $4.90/W in 2011 ) and $3.43/W in 2012 18 (Feldman et al. 2012 ). At $5/W, 17% of supermarkets are in utilities where breakeven conditions exist. At $3.43/W, 40% of supermarkets are in utility territories where breakeven conditions exist. In practice, only a fraction of customers in these utility service territories are likely to 18 Benchmarked based on fourth quarter 2011 data. meet all the criteria (full retail net metering, good solar exposure, and access to financing) to be at breakeven, and the presence of breakeven conditions does not necessarily equate to large consumer adoption. Furthermore, there are budget caps for most current incentive programs and typically limits or caps on the number of net-metered systems that can be connected to the grid in a specific utility service territory. Also, in Figure 2 and elsewhere, this analysis represents a single point in time. Because incentives and electricity prices are constantly changing, results for any single area may be substantially different when evaluated later.
The methodology used to generate Figure 2 was repeated for the optional rate scenario, using the tariff sheets for the largest utility in each state to estimate the change in PV value associated with optional rates. Optional rates typically consist of time-of-use rate structures or rates that have lower demand charges and higher energy charges than the default rate option. In states without an optional rate, the default rate was evaluated, and the breakeven price did not change from the default rate scenario (Figure 2 ). In each state where the largest utility offers optional rates, we assumed that a similar optional rate structure would be applied to other utilities within that state and that the value of PV would be scaled proportionally across the state. The results of this analysis are shown in Figure 3 .
Optional rates do not always result in a net benefit to a customer. About 26% of the optional rates evaluated showed a decrease in PV value when shifting the customer from the default to the optional rate. In addition, even with an optional rate that increases PV value, some customers may opt not to choose optional rates because their "base" use would result in increased bills relative to a default rate. In this analysis, we assumed that customers chose optional rates only when those rates increased PV value. For a complete discussion of commercial rate impacts on PV value and bill savings, see Ong et al. (2012) . The results of this scenario are similar to those in the default scenario ( Figure 2 ) but with higher breakeven prices in several northeastern and central states. In the optional rate scenario, the fraction of supermarkets in utility areas where breakeven conditions exist increases to 33% and 53% for installed prices of $5/W and $3.43/W, respectively. The lowest breakeven prices occur in Louisiana, where electricity prices are low and primarily driven by demand charges.
19 Actual adoption will be restricted by consumer adoption behavior and limits on incentives, and large-scale adoption of PV will change demand and price patterns, decreasing the value of PV on optional rates (Darghouth et al. 2013). 20 Figure 4 illustrates the breakeven price for the largest utility in each state along with a distribution of the breakeven price components, including the default electricity rate, optional rate "adder" (where available 21 ), the effect of tax-deductible interest on loans, and federal and local incentives. Also included is the range in breakeven values for all utilities evaluated. As shown in Figure 4 , each state shows considerable variability. In some cases, the breakeven value for the most attractive utility is several dollars per watt more than the largest utility. However, these more attractive utilities tend to be significantly smaller than the largest utility, often providing less than a few percent of the state's sales. 22 We also see breakeven prices above $4/W in only a few places without local incentives. Without local incentives or the federal ITC, half of the largest utilities in each state have a breakeven price below $2.50/W. Figure 5 repeats the analysis in Figure 3 but illustrates the breakeven price relative to the 2012 average installed price ($3.43/W, based on Q4 2011 data) data for commercial PV systems from Feldman et al. (2012) . We identify locations at or below grid parity, within 25% of parity (the current average installed price is within 25% of being at grid parity), and beyond 25% of parity. At an installed price of $3.43/W, the fraction of supermarkets that are at or below grid parity is 53%, while an additional 20% are within 25% of grid parity. Note again that only a fraction of customers in these utility service territories are likely to meet all our assumptions to be at breakeven, and the presence of breakeven conditions does not necessarily lead to large consumer adoption. 
Future Market Sensitivities of Breakeven Prices
The high breakeven prices in many states that were noted in the previous section are driven primarily by state, utility, and federal incentive programs. These programs are designed primarily to encourage the development of PV markets; however, over time they are expected to be phased down as the price of PV systems decreases and PV markets become self-sustaining. In this section, we examine the projected breakeven prices of PV systems installed on supermarkets in 2020, and we consider the sensitivity of breakeven prices to a number of factors.
We begin by establishing a base scenario for 2020 with a uniform set of assumptions, including system performance, electricity price escalation, financing, and incentives. This is similar to the previous scenario but includes an annual real electricity price escalation of 0.5% that results in an overall increase in electricity prices of 4% by 2020. State and local incentives are eliminated, and the federal ITC is reduced to 10%. The 2020 case shows a dramatic reduction in the breakeven price of PV where local incentives existed in early 2012. Breakeven prices are also reduced in locations where no incentives existed in early 2012 owing to the reduction of the ITC from 30% to 10%. In this case, 17% of supermarkets are in utility areas where breakeven conditions exist at a PV system price of $3/W. At a price of $1.25/W, 79% of supermarkets are in utility areas where breakeven conditions exist. Figure 7 repeats the analysis for an optional rate structure. Again, the dramatic reduction in breakeven prices from 2012 is due to the elimination of state and local incentives and a reduction in the ITC. Here, 26% of supermarkets are in utility areas where breakeven conditions exist at a PV system price of $3/W. At $1.25/W, 91% of supermarkets are in utility areas where breakeven conditions exist. Table 1 and an optional rate structure Note: The color scale is different from the scale used in Figures 2 and 3 .
The base 2020 scenario represents only a single scenario among many possible scenarios for future breakeven prices. The PV market of the future will have a variety of customers with different financing options, buildings with non-optimal orientations, and changes in electricity prices and rate structures. Many of these drivers, such as escalation of electricity prices and future net-metering policies, are highly uncertain. As a result, it is important to consider the sensitivity of the breakeven price to a variety of drivers.
We examined the sensitivity of the breakeven price for each state to a set of four classes of impacts: technical performance, electricity cost, financing, and policies. Table 1 lists the base case and the four sensitivity cases evaluated. Figures 8 and 9 show the results. For each state, the gray bar indicates the base-case breakeven price based on the largest utility in the state, and four error bars show the range of breakeven prices for the sensitivity cases. Each of the four drivers has a low case and a high case. The low case, which decreases the economic performance of PV and moves the error bar to the left, represents a lower breakeven price. Examples include lower PV output from non-optimal orientation or a total elimination of the federal ITC. The high case represents improved economic performance, which increases the breakeven price and moves the error bar to the right. Examples include an improved derate factor (perhaps resulting from improved inverter efficiency) or a more effective system orientation.
The scenarios and error bars in the figures are partially additive. For example, both an extension of the 30% ITC and improved derate factors could occur, increasing the breakeven price more than these factors individually. However, these factors are not completely additive; for example, the highest solar resource location in each state may not correspond to the highest electricity price region. Note: For clarity, breakeven prices above $8/W are not displayed.
As shown in Figures 8 and 9 , the base-case breakeven price in 2020 is between $0.38/W and $7.27/W. Electricity price is the biggest driver of breakeven price variation and is followed generally by policy (availability of the ITC), technical performance, and finance factors. The variation in the electricity prices is due more to the spread between utilities within a state than the variation in the price escalation assumed. 
Conclusions
We evaluated breakeven prices for rooftop PV installed on U.S. supermarkets. Our results suggest that breakeven prices vary by more than a factor of 30 nationwide, even though the solar resource varies by less than a factor of 2. Non-technical factorsincluding electricity rates, rate structures, and incentives-drive breakeven prices more than technical factors like solar resource or system orientation.
Under base-case assumptions, about 17% of supermarkets nationwide were in utility territories where breakeven conditions existed at a PV system price of $5/W in 2011. Using the estimated 2012 installed price of commercial PV systems ($3.43/W), 40% of supermarkets were in utility territories where breakeven conditions existed. These percentages increase to 33% and 53%, respectively, when rate structures favorable to PV (time-of-use, tiered rates) are used. In 2020 (where we assume higher electricity prices and lower PV incentives), up to 26% of supermarkets are in utility territories where breakeven conditions exist at a PV system price of $3/W; this increases to 91% at $1.25/W (the DOE SunShot Initiative's commercial PV price target).
The general trend observed in this analysis is that breakeven conditions appear first in parts of the East Coast, California, and Hawaii, where they are driven by high electricity prices. As PV system prices continue to decline, breakeven conditions begin to occur in parts of the central United States. Very low electricity prices could preclude breakeven conditions in certain areas even with PV prices approaching $1.25/W.
Overall, the scenarios evaluated represent a market entry point for PV. However, the scenarios do not examine the potential for a deep, sustained market. Therefore, caution must be used when considering this analysis. PV breakeven does not imply that customers will necessarily adopt PV. In reality, only a fraction of supermarkets in each utility are currently likely to have access to the range of factors that make PV an attractive and viable option. A more detailed depth-of-market analysis is required to determine a "demand curve" for PV at various price points. This type of depth-of-market analysis could be combined with analysis of various commercial building types to provide a more robust estimate of the market potential of commercial rooftop PV. In future work we will examine breakeven in a broader set of commercial building types and explore how breakeven relates to market depth and market evolution.
Appendix A: Calculation of Breakeven Price
The breakeven price of a PV system is defined as the point where the net present cost (NPC) of the system equals the net present benefit (NPB) to its owner.
The NPC is the cumulative discounted cost of the system, including initial cost, financing, tax impacts, incentives, and O&M, equal to the sum of the cost in each year multiplied by the discount factor in that year.
The discount factor in year y = Where i is the interest rate and n is the loan term in years. The tax savings on the loan interest in each year is given by:
Interest Deduction y = Marginal Federal Tax Rate * i * Current System Balance y Some incentives (such as tax incentives) may not occur until a year or so after installation. These incentives are discounted by one year.
Tax savings from 5-year federal MACRS depreciation is also considered in this analysis.
The NPB is the discounted cumulative benefits of reduced electricity bills over the evaluated period or the sum of the benefits in each year multiplied by the discount factor. The analysis in the main report assumes a uniform price for PV installations. Preliminary data indicate a wide range in installed prices for commercial systems, especially in locations with limited PV markets. This is indicated in Table D -1, which provides installed prices for 50-kW to 500-kW PV systems installed between January 1 and August 8, 2012. These prices were derived from the OpenPV database (https://openpv.nrel.gov/). This dataset has not been validated, and the results in this section are useful primarily to indicate the general relationship between installed prices and breakeven conditions. Figure D -1 applies these prices in addition to the other factors described previously and identifies locations at or below grid parity, within 25% of parity (where current installed prices are within 25% of being at grid parity), and beyond 25% of parity. 
